Cavitation appears to contribute to tissue injury in lithotripsy. Reports have shown that increasing pulse repetition frequency ͓͑PRF͒ 0.5-100 Hz͔ increases tissue damage and increasing static pressure ͑1-3 bar͒ reduces cell damage without decreasing stone comminution. Our hypothesis is that overpressure or slow PRF causes unstabilized bubbles produced by one shock pulse to dissolve before they nucleate cavitation by subsequent shock pulses. The effects of PRF and overpressure on bubble dynamics and lifetimes were studied experimentally with passive cavitation detection, high-speed photography, and B-mode ultrasound and theoretically. Overpressure significantly reduced calculated ͑100-2 s͒ and measured ͑55-0.5 s͒ bubble lifetimes. At 1.5 bar static pressure, a dense bubble cluster was measured with clinically high PRF ͑2-3 Hz͒ and a sparse cluster with clinically low PRF ͑0.5-1 Hz͒, indicating bubble lifetimes of 0.5-1 s, consistent with calculations. In contrast to cavitation in water, high-speed photography showed that overpressure did not suppress cavitation of bubbles stabilized on a cracked surface. These results suggest that a judicious use of overpressure and PRF in lithotripsy could reduce cavitation damage of tissue while maintaining cavitation comminution of stones.
I. INTRODUCTION
Shock wave lithotripsy ͑SWL͒ has proven to be highly successful for the treatment of urinary stones. Indeed, even with the emergence of endourological approaches for stone removal, the majority of calyceal and upper ureteral stones are treated by SWL. 1 Although it is accepted that SWL works very well to break stones, there is increased awareness that shock waves cause collateral damage to the kidney. 2 Concern over adverse effects has stimulated interest in finding ways to improve lithotripsy. A logical first step toward this goal has been the effort to determine the physical mechanisms of shock-wave action. This work, primarily involving in vitro studies, has shown that cavitation plays an important role in stone fragmentation. [3] [4] [5] Likewise, cavitation is strongly implicated in causing the hemorrhagic lesion that characterizes SW-induced damage to the kidney. [6] [7] [8] [9] [10] Thus, cavitation appears to be involved both in stone comminution and tissue damage.
Several strategies have been proposed to control cavitation in lithotripsy including alteration of the shock pulse to suppress bubble growth and protect tissue, 11 and the use of dual sequential pulses timed to increase the force of bubble collapse and, thereby, enhance stone breakage. [12] [13] [14] [15] [16] These strategies are potentially very useful, but they require that physical modifications be made to the lithotripter.
Several studies have explored alternative methods to influence cavitation in SWL. One approach has been to use increased static pressure ͑overpressure͒ to minimize cavitation at the focal point of the lithotripter. Delius 17 found that relatively low overpressures had a dramatic protective effect on isolated cells. Maximal cell protection was achieved by overpressure of only Ϸ1 bar. Overpressure also reduced SW damage to stones, but the effect on cells was much more pronounced. This opens the possibility that if low overpressure could be applied during SWL, tissue-damaging cavitaa͒ Electronic mail: bailey@apl.washington.edu tion in the vasculature might be suppressed without inhibiting stone fragmentation.
Another means to regulate cavitation and one that is available to the urologist at the time of treatment is to change the pulse-repetition frequency ͑PRF͒. Increasing the SW delivery rate generates more cavitation bubbles. 18 It has recently been shown that stone fragmentation in vitro and in vivo is significantly improved by slowing the SW rate. 19 It has also been demonstrated that delivery of SWs at very fast rate increases kidney injury in experimental animals. 20 These findings suggest that the combined use of overpressure and manipulation of SW rate may result in reduced tissue damage without compromising stone comminution. However, it is difficult to assess the potential value of these strategies or to know how best to apply them because the mechanisms of the overpressure effect and the rate effect are not known. Therefore, we undertook a study involving numerical calculations, ultrasound imaging, and high-speed photography to characterize the effect of low overpressure and SW rate on cavitation bubble dynamics at the focus of an electrohydraulic lithotripter. We tested the hypothesis that increased static pressure and decreased PRF act to reduce cavitation activity by allowing bubbles to dissolve between shock pulses. Bubbles that reside in close contact with the surface of a stone may be stabilized by that interaction and are more resistant to dissolution. [21] [22] [23] Thus under conditions of overpressure or low PRF bubbles free within the surrounding medium dissolve between pulses while bubbles that are stabilized within cracks and crevices persist and continue to play a role in stone comminution.
II. THEORY

A. Basic equations
Our numerical model is the synthesis of a bubble dynamics model created by Church 24 based on the Gilmore equation 25 and a bubble dissolution model described by Epstein and Plesset. 26 As shown in Fig. 1 , our model traces the radius of a bubble R(t) over time as the lithotripter pulse sets the bubble into a dramatic growth and collapse followed by a slow dissolution of the bubble. The lifetime of a bubble ͑t L * , the asterisk denotes a calculated value͒ was defined as the time between the shock wave arrival until the bubble dissolution. The model was used to calculate the lifetime t L * as a function of overpressure, initial bubble radius, and shock wave amplitude.
Lithotripter pulse model
In the calculations, it was supposed that a small bubble of radius R 0 exists in the medium. A lithotripter pulse arrives at tϭ0 and initiates the bubble dynamics. To represent the wave form radiated by an electrohydraulic lithotripter source, a theoretical temporal profile pЈ(t) was defined by Church 24 as pЈ(t)ϭp ϩ ⌰(t)2e Ϫ␣t cos(tϩ/3), where p ϩ is the peak positive pressure of the pulse, ⌰(t) is Heaviside step function, and ␣ϭ9.1ϫ10 5 s Ϫ1 and /2ϭ8.33 ϫ10 4 s Ϫ1 are characteristic decay constants. The pulse, modeled after measured wave forms, is a short ͑Ϸ1 s͒ spike followed by a longer ͑Ϸ4 s͒ pressure trough, so that the total area of the wave form is equal to zero. The amplitude of the pulse is characterized by the peak positive p ϩ pressure which has a fixed ratio with the peak negative p Ϫ pressure p ϩ /p Ϫ Ϸ6.25.
Bubble dynamics model
In the lithotripsy literature it is common to use a cavitation model based on the behavior of a single spherical bubble. 24 Although this model is somewhat idealistic ͑in reality a cluster of bubbles exists, and the bubbles are not spherical͒, it adequately describes many features of the cavitation phenomena. 11, [27] [28] [29] In this work, the model of a single spherical cavitation bubble ͑initial radius R 0 between 1 and 30 m͒ was employed to study the effect of static pressure (p 0 ϭ1 -4 bar) on cavitation in lithotripsy. Note that p 0 is the absolute static pressure and therefore the overpressure in these calculations varied from 0 to 3 bar. Note that pressures are expressed in bar not MPa for convenient comparison to standard atmospheric pressure ͑1 bar͒. Fundamental assumptions of the model are as follows: a single bubble exists in an infinite liquid medium; the bubble remains spherical at all times; the interior of the bubble ͑e.g., temperature, pressure, gas concentration͒ is spatially uniform; the radius of the bubble is much less than the characteristic length of the acoustic excitation at the corresponding time; body forces ͑e.g., gravity͒ have negligible effect on the bubble pulsation; the gas within the bubble behaves as an ideal gas; gas con- tent in the bubble is changing because of gas diffusion into and out of the surrounding liquid; and vapor pressure in the gas is constant.
The bubble radius R(t) is described by the Gilmore equation,
where a dot signifies a time derivative, C is the sound speed in the liquid at the bubble wall, and H is the difference between the specific enthalpy in water at the bubble wall relative to the specific enthalpy in the liquid far from the bubble,
p͑R ͒ dp . ͑2͒
Here p(R) is the pressure in the liquid at the bubble wall and p ϱ ϭp 0 ϩpЈ is the pressure, static p 0 plus acoustic pЈ, in liquid far from the bubble. Pressure p and density in the liquid are related by the Tait equation,
where AϭC 0 2 0 / p 0 ⌫, BϭAϪp 0 , ⌫ is an empirical constant, p 0 is the static pressure in the liquid. The parameters of water were used for further numerical simulations: ⌫ϭ7, the equilibrium density 0 ϭ1000 kg/m 3 , the sound speed C 0 ϭ1485 m/s. From Eqs. ͑2͒ and ͑3͒, the enthalpy can be expressed in terms of pressure:
͑4͒
The sound speed at the bubble wall, C, can be found from the enthalpy:
The pressure in the liquid at the bubble wall is given by
where p g is the pressure of the gas within the bubble, ϭ0.0725 N/m is the surface tension, and ϭ0.001 kg/m/s is the coefficient of shear viscosity of water. The gas pressure p g is proportional to the quantity of gas in the bubble and the gas temperature. Following the method described by Church, 24 we model the complicated bubble dynamics at each temporal step as two elementary separate substeps. At each step, we model the change of bubble radius due to the gas diffusion isothermally and the change of bubble radius due to pressure and inertia adiabatically. The calculation proceeds as follows: first, the bubble radius was modeled as changing isothermally from its current value R to a so-called equilibrium radius R 0n , following the change of the gas in the bubble to its current number of moles n; and second, the bubble radius changes adiabatically from the R 0n to the new radius R with no change in n.
The first process of bubble radius change due to diffusion takes place slowly under constant static pressure, so that gas pressure is p 0 ϩ2/R 0n . The equilibrium radius can be found from the equation of the isothermal process in an ideal gas, written for the initial and current parameters of the bubble:
The solution of this cubic equation can be expressed in the following form:
In the second adiabatic process, the equation for R is p g R 3␥ ϭ(p 0 ϩ2/R 0n )R 0n 3␥ , where ␥ is the adiabatic exponent of the gas. Using Eq. ͑7͒, the gas pressure can be written as follows:
͑9͒
The gas diffusion in the liquid is described by the diffusion equation
where c is gas concentration ͑the number of moles of gas per unit volume͒, r is the radial coordinate, u is the radial component of the liquid velocity, and D is the diffusion constant of the gas in the liquid. The constant Dϭ2.42ϫ10 Ϫ9 m 2 /s for air dissolved in water at 20°C. The liquid can be considered as incompressible most of the time, which gives the following expression for the radial velocity: uϭR 2 Ṙ /r 2 . At the initial time, the concentration of dissolved gas is uniform and equal to c i . Usually this value is less than the saturated gas concentration c 0 at the initial static pressure p 0 . The relative initial concentration can be characterized by the ratio f ϭc i /c 0 . We are interested in calculating the bubble lifetime t L * , which includes excitation of the bubble by a lithotripter pulse, consequent expansion, collapse, rebounds, and finally the bubble dissolution due to gas diffusion from the bubble interior to the liquid. The direct numerical solution of Eq. ͑10͒ is computationally intensive; therefore appropriate approximations are desired to simplify it. These approxima-tions have already been used in papers on cavitation and are different for different stages in the bubble cycle. 24, 26, 30 We use the approximation by Eller and Flynn, 30 as Church 24 did, for region A in Fig. 1 where the bubble radius is rapidly changing, and the approximation by Epstein and Plesset 26 for region B where the static bubble slowly dissolves. The application and appropriateness of the models are discussed in the following with reference to the radius versus time plots in Fig. 1 . Church 24 described in more detail the application of the Eller and Flynn model to lithotripsy.
During the time when the bubble is growing and collapsing ͑region A in Fig. 1͒ , the gas concentration in the liquid varies from the saturated value c s to the uniform value c i in a very thin spherical layer near the gas-water interface, because the interface is moving. The thickness of this layer can be estimated from Eq. ͑10͒ as ␦ϭͱDt * , where t * is a characteristic time. During the first t 1 Ϸ3 s, the transition layer thickness is on the order of ␦ 1 Ϸ0.1 m, which is much less than the bubble radius at this time, R 1 Ϸ3 -200 m ͑see Fig.  1͒ . For hundreds of microseconds, the layer continues to grow (␦ 2 Ϸ1 m), but so does the bubble (R 2 Ϸ100-1000 m). The use of the inequality ␦/RӶ1 in Eq.
͑10͒, as was shown by Eller and Flynn
30 in their first-order approximation, results in the following expression for the number of gas moles in the bubble:
where ϭ͐ 0 t R 4 (tЈ)dtЈ and Fϭc s Ϫc i . Bubble growth is followed by collapse and several ''rebounds,'' subsequent growth and collapse cycles. During each of the collapses the radius of the bubble becomes small enough that the assumption ␦/RӶ1 breaks down. However, each collapse stage is short, a small bubble has a small surface area through which diffusion can take place, and so there is little change in the value of n. Therefore we continue to use Eq. ͑12͒ throughout the collapse and rebound region to ensure we capture the diffusion at the times when the bubble is large enough-the error induced in the calculation of n will be negligible. 24 Then, after about t m Ϸ1 ms ͑region B in Fig. 1͒ , the bubble has stopped pulsating. Its equilibrium radius R m ϭR(t m ) is larger than the initial bubble radius R 0 because of gas diffusion into the bubble during bubble growth. Now, surface tension, static pressure, and a gas concentration gradient drive gas diffusion from the bubble to the liquid, leading to the bubble dissolution (nϭ0). Eller and Flynn's approximation is not valid during this process. On the other hand, the bubble radius during dissolution varies relatively slowly. Therefore, it is possible to set uϭ0 in Eq. ͑10͒. The resulting diffusion equation has an analytical solution in the form of the convolution of the corresponding Green's function with the initial distribution of the dissolved gas concentration. At time tϭt m , the diffusion layer thickness ␦ m is of the order of several micrometers, so it is still smaller than the corresponding bubble radius (R m у10 m).
24 Therefore, one can use an approximation ␦ m →0 to simplify the initial condition at tϭt m :c(r,t m )ϭc i . The boundary conditions at t Ͼt m are the same as at tϽt m :c(ϱ,t)ϭc i and c(R,t)ϭc s . Then, for the number of gas moles in the bubble, 24 one has
Note that at small time tϪt m , Eq. ͑13͒ gives the same expression for dn/dt as Eq. ͑12͒ at small t. However for larger time, these equations differ substantially. In Eq. ͑13͒ it is not assumed that the diffusion layer is thin. During the slow changes of the bubble size, the gas temperature can be considered as a constant value equal to the liquid temperature T 0 . The isothermal gas process is governed by
where Gϭ8.31 m 3 Pa/mol K is a universal gas constant. The bubble radius no longer needs to be modeled by the dynamic equations ͓Eqs. ͑1͒-͑9͔͒, instead one can use the quasistatic equation:
Equations ͑13͒-͑15͒ give the following equation for the bubble radius:
where KϭGT 0 Dk H Ϫ1 and f ϭc i /c 0 . The initial condition is RϭR m at tϭt m . Note that the choice of the value of t m is somewhat arbitrary: t m should be larger than the time when the bubble rebounding finishes, but much smaller than the lifetime t L . In the case of bubble behavior in the lithotripter field, the choice t m ϭ1 ms is reasonable. The right-hand side of Eq. ͑16͒ has singularities at t→t m and when R→0. These singularities can be avoided by calculating the value of ϭͱtϪt m as a function of R, instead of considering R as a function of t. The equation for ϭ(R) follows from Eq. ͑16͒:
The function (R) is to be calculated when the bubble radius changes from RϭR m to Rϭ0 to complete dissolution of the bubble. The initial condition is (RϭR m )ϭ0. Therefore, Eq. ͑1͒ was solved numerically to calculate rapid bubble motion, and Eq. ͑17͒ was then solved to calculate the slow bubble dissolution. To solve for fast bubble motion, Eq. ͑1͒ was written as two first-order differential equations for bubble wall radius R and velocity dR/dt. A fifth-order Runge-Kutta algorithm with adaptive step-size control was used on a nonuniform time grid ⌬t(t) that followed the dynamics of the bubble. 31 Equation ͑12͒ was integrated simultaneously on the same time grid and yielded a calculation of gas diffusion during rapid motion. The number of moles n, the derivative dn/dt, equilibrium bubble radius R 0n , and gas pressure in the bubble p g were calculated at each time point t for use in solving Eq. ͑1͒ at the next time step. The values of p g and R 0n were obtained explicitly using Eqs. ͑8͒ and ͑9͒ from the known values of R and n. The derivative dn/dt was calculated using backward finite difference with the solutions for n at the current and previous time points. However, the solution for the number of moles n, Eq. ͑12͒, is implicit, as it depends on not-yet-known values of p g and R 0n . An iterative procedure was employed at each time point to calculate n→R 0n →p g →n→¯. 24 Initial values of R 0n and p g for iteration were obtained from the number of moles, nϩdn/dt ⌬t, extrapolated linearly from the previous time point. Linear extrapolation for n was also used for the Runge-Kutta evaluations within the full time step. Run times for each R(t) curve were less than 10 min on a Compaq XP1000 workstation. During the second slow stage of bubble dissolution, Eq. ͑17͒ was solved numerically by fourth-order Runge-Kutta algorithm. Parameter values chosen were for water at laboratory conditions:
The value of initial gas concentration in water is an important parameter in studying the effect of overpressure. Two limiting cases can be considered. In one limiting case, the water has been given sufficient time ͑and mixing͒ at overpressure to become saturated: absolute gas concentration c i increases proportionally with p 0 , such that the relative gas concentration f ϭ1 for all p 0 . In the other limiting case, the ambient pressure changes quickly so that c i is constant, and f varies inversely proportionally with p 0 . Our experiments closely modeled the latter case because our system had very small gas/water interfaces through which air could diffuse. Therefore, all simulations were performed assuming a fast change of the pressure p 0 . Initial gas concentration c i in water was taken equal to the saturation value at atmospheric conditions, c i ϭc 0 (p 0 ϭ1 bar)ϭ0.7899 mol/m 3 , which corresponds to f ϭ1 for p 0 ϭ1 bar and f ϰ1/p 0 . The effect of variable f has been explored by Epstein and Plesset, 26 and as might be expected, the lower the concentration of air in the water the faster the bubble dissolves.
B. Theoretical results
Calculated R(t) curves describing the bubble life are shown in Fig. 1 for a bubble with initial radius 3 m. Calculations are shown for shock waves with peak acoustic pressures p ϩ ϭ100, 500, and 1000 bar and for absolute static pressure p 0 ϭ1, 2, and 3 bar. The bubble radius curves are solid, and each dashed line represents the acoustic pressure of the lithotripter pulse driving the bubble. All axes except acoustic pressure are plotted in logarithmic scale. It is seen that the initial positive-pressure spike of the lithotripter pulse results in a rapid constriction of the bubble to a radius of less than 1 m ͑the first collapse͒. Then, the negative-pressure phase of the lithotripter pulse initiates the growth of the bubble. The inertia imparted to the liquid surrounding the bubble is sufficiently large that the bubble continues to grow after the lithotripter pulse has passed. Growth continues for a relatively long period ͑in excess of 100 s͒. Eventually, the static pressure in the fluid forces the bubble to collapse again. We denote the time of this inertial collapse as t c * . At about 1 ms, after a series of rebounds ͑subsequent smaller growth and collapse cycles͒, the bubble attains a stable radius referred to by Church as the ''time-varying equilibrium radius.'' 24 The term equilibrium radius is used here, too, although the radius is changing slowly as the bubble dissolves. The equilibrium radius is larger than the initial radius, because during the expansion phase of the bubble, the gas concentration within the bubble is low, and gas from the surrounding liquid diffuses into the expanded bubble. However, the nonpulsating bubble slowly dissolves, the bubble radius tends to zero, and finally, the bubble disappears. This time t L * defines the bubble lifetime.
For a given shock amplitude one can observe that the static pressure has a negligible effect on bubble dynamics during the first 10 s. The strong negative acoustic pressure of the lithotripter pulse drives the bubble at this period. The peak positive (p ϩ ϭ100-1000 bar) and negative (p Ϫ ϭ16-160 bar) pressure amplitudes in the lithotripter pulse are much greater than p 0 ͑1-3 bar͒.
After the lithotripter pulse has passed, the static pressure becomes the main factor driving the inertial behavior of the bubble. As a result, the increase in p 0 gives rise to a shortening of the collapse time t C * , a decrease in maximum bubble radius, and an increase in minimum radius. The equilibrium radius decreases and the lifetime t L * shortens for
The lifetime t L * shows how fast cavitation bubbles dissolve-these bubbles are potential nucleation seeds for cavitation during a subsequent shock wave. The lithotripter pulse repetition period (Tϭ1/PRF) is of the order of T ϭ1 s. If the lifetime exceeds this value, the cavitation bubbles do not have enough time to dissolve between successive pulses, and the cavitation should be very pronounced. If, however, t L *ϽT, then the cavitation seeds dissolve before the next shock wave arrives, and one would expect that cavitation may be diminished. It is instructive, therefore, to study how the lifetime t L * depends on various parameters, in particular, on initial bubble radius, R 0 , static pressure, p 0 , and the lithotripter pulse peak pressure, p ϩ . Figure 2 shows curves for lifetime versus initial bubble radius at different static pressures p 0 . The lithotripter pulse peak pressure equals p ϩ ϭ500 bar. One can see from these curves that lifetime is fairly insensitive to the initial bubble size, especially if R 0 Ͻ10 m. This insensitivity is in agreement with the results of Church, 24 who calculated that the R(t) curves for a bubble in a lithotripter are practically identical for different R 0 . As a result, the amount of the gas that diffuses into the bubble during the relatively long period of its inertial behavior is also insensitive to the value of R 0 . Note that the amount of diffused gas exceeds the initial amount of gas in the bubble by a factor of 10-10
4 . Therefore, gas diffusion makes the equilibrium bubble radius after the inertial collapse and rebounds, R m , fairly independent of R 0 . The corresponding curves for R m vs R 0 calculated at t ϭ1 ms are shown in Fig. 3 . For small values of R 0 , the slopes of the curves are nearly zero; in other words, many values of R 0 produce roughly the same R m . For larger values of R 0 the amount of diffused gas becomes smaller than the initial amount of gas in the bubble, and R m asymptotically approaches R 0 . For higher static pressures the influence of the initial bubble radius starts at smaller values of R 0 . Figure 4 shows the lifetime t L * versus static pressure p 0 for different lithotripter pulse amplitudes p ϩ . Since t L * depends only weakly on initial bubble radius, R 0 in all calculations was 3 m. At p 0 ϭ1 bar, t L * ranges from 3 to 400 s.
Larger p Ϫ , corresponding to increased p ϩ , caused the bubble to grow larger and last longer before it collapsed. The larger, longer growth causes more gas infusion into the bubble, which creates a larger bubble R m after growth and collapse. The larger bubble subsequently takes longer to dissolve. It is seen that lifetimes quickly decrease with increase of static pressure. At p 0 ϭ4 bar, the range of t L * values is reduced to 0.2-3 s, more than one order of magnitude less than for p 0 ϭ1 bar. Absolute values of t L * are subject to initial gas saturation levels f and the accuracy of the lithotripter pulse model; however modest overpressures two orders of magnitude less than p ϩ or p Ϫ strongly reduce t L * . Figure 5 shows that for peak pressures p ϩ ͑ordinate͒ less than 320 bar and static pressure p 0 ϭ3 bar, t L * is less than 1 s. Therefore for a standard clinical exposure ͑320 bar, 1 Hz͒, 32 increasing the static pressure to 3 bar means bubbles created by one pulse dissolve before the next pulse arrives.
III. EXPERIMENTS
A. Materials and methods
Lithotripters
A Dornier HM-3 electrohydraulic lithotripter ͑Dornier Medical Systems, GmbH͒ was used for the pipette experiments shown in Fig. 10 . All other experiments were conducted in a research lithotripter patterned after the Dornier HM-3 lithotripter. 32 Refurbished Dornier electrodes ͑Service 32 described in more detail the design and acoustic output of the research lithotripter.
Lithotripter pulses were triggered at several pulse repetition frequencies ͑PRFs͒. The slowest PRF, referred to as the slow rate, was single pulses triggered minutes apart. Clinically relevant rates of 0.5, 1, 2, and 3 Hz were also investigated. Measurements were made on the last of ten pulses triggered at these rates.
Containers and pressure chambers
Measurements were made of cavitation in water in pressure chambers placed in the lithotripter. Three types of containers were used: a polyethylene terephthalate ͑PETE͒ soda bottle ͑''pressure bottle''͒ 33 with a flange, 4 mL, low-density polyethylene pipette bulbs ͑Sigma Chemical Company, St. Louis, MO͒, and a plastic chamber ͑''pressure cube''͒ with glass and mylar ports ͑2.5 cm diameter͒ for optical and acoustic windows. 23 The length, diameter, and wall thickness of the approximately cylindrical pressure bottle were 130, 80, and 0.3 mm and of the pipette bulb were 42, 15, and 0.5 mm. The experimental setup with the pressure cube is shown in Fig. 6 . A 12.7-mm-thick polyphenylene oxide ͑PPO͒ bottom plate on the chamber transmitted the lithotripter pulses with negligible change of wave form or amplitude at the focus. 34 The top plate was made of the same material, and negligible reflection was measured. Compressed air ͑1-3 bar gauge͒ was used to pressurize each chamber. Pressure was elevated for 1 min before measurements were made. The water-air interface was small to minimize gas diffusion into the water and was contained in the 0.25 in. ͑6.4 mm͒ inner diameter of the pressure tubing. Hose barbs, quick disconnect pressure fittings, and plastic wire ties were used to connect segments of tubing and pipettes. The water in the chambers was taken from the lithotripter water bath.
High-speed photography
Cavitation in the water tank was filmed with a Kodak Ektapro 4540 high-speed digital camera ͑Eastman Kodak Company, Rochester, NY͒ at a rate of 40 500 frames/s ͑i.e., each frame was exposed for 25 s͒. We used a 24 -120 mm lens with and without a 2ϫ-magnifying lens. The focal area was backlit with a 1000 W lamp and was filmed through the acrylic wall of the tank. The sensor had 64ϫ64 pixels, and images were presented in 256 grayscale levels. The 10 or 20 mm square images ͑30 mm depth of focus͒ captured the cluster of bubbles growing and collapsing along the lithotripter axis which ran from lower right to upper left in the image. Images were stored on VHS videotape. Video images were digitized from videotape and analyzed with NIH Image ͑Be-thesda, MD͒ on a Macintosh G3 computer. The images in Fig. 12 were acquired with an Imacon 200 high speed camera ͑DRS Hadland, Cupertino, CA͒ and stored digitally. A 1000 J flash lamp provided lighting from the front, and exposure times were 100 ns/frame. Interframe spacing was 50 s, and the camera resolution was 1280 by 1024 pixels. In Fig. 12 , two images are shown selected from many 15-image movie sequences.
Passive cavitation detection
A passive acoustic cavitation detector ͑PCD͒ recorded the shock waves emitted during bubble collapse. 35, 36 The concave piezoceramic sensing element had a radius of curvature of 200 mm, an aperture diameter of 100 mm, and a resonance frequency of 1.08 MHz. The acoustic axes of the lithotripter and the PCD were perpendicular and confocal. The output signal was high-pass filtered ͑300 kHz͒ to remove noise created by excitation of a radial resonance of the sensing element. Signals were demodulated to remove 1 MHz ringing by the PCD. The PCD has been calibrated 35 for cavitation bubble collapses, and a filtered PCD signal of 1 V corresponds to an acoustic emission from a bubble with amplitude 9.5 MPa at 10 mm from the center of the cavitation bubble.
The PCD signal typically consisted of two spikes. The first spike occurred when the lithotripter pulse first interacted with any bubbles initially present in the focal region. The spike resulted from nonlinear scattering from bubbles ͑i.e., a combination of simple scattering and sound generated by the bubble motion͒. The bubbles then grew and collapsed. A sec- ond spike was emitted when the collapse halted. The time between the spikes associated with the growth and collapse is referred to as the collapse time t C .
Both the PCD and the high-speed camera were simultaneously triggered by a photodetector 32 that detected the spark discharge that initiated the lithotripter pulse. The discharge occurred at time tϭ0. The lithotripter pulse arrived at the focal point F2 after 180 s because it traveled the length of the major axis 2aϭ276 mm at a sound speed C Ϸ1.5 mm/s. The high-speed camera first recorded bubbles in the frame ͑each frame was 25 s in duration͒ at t ϭ180 s. The PCD had an extra delay of the acoustic travel time from F2 to the PCD element (200 mm/1.5 mm/s ϭ133 s). In PCD measurements presented in this paper, the 133 s delay has been subtracted from the time axis for easier comparison to camera images.
Diagnostic ultrasound
B-mode ultrasound images were obtained using a clinical Bruel and Kjaer 3535 diagnostic ultrasound scanner and a 7.5 MHz curved scan head ͑model 8545͒. The frame rate was 34 frames/s, and the displayed mechanical index ͓MI ϭderated peak negative pressure ͑MPa͒ over the square root of the frequency ͑MHz͔͒ was 0.8. The scan head was mounted rigidly in the water such that the lithotripter axis was at the 5 cm depth of the image where the scanner was focused. Images were recorded to videotape and later transferred to a Macintosh G3 for analysis. NIH Image software was used to quantify the length of time that echogenic regions on the image persisted. Histograms of pixel-grayscale level were measured for a sequence of image frames. Times were determined by the number of consecutive frames containing pixels within the region of interest brighter than a threshold value.
B. Experimental results
Free field
The lithotripter created a cylindrical cluster of cavitation bubbles. 11, 36, 37 Figure 7 shows the cluster in a sequence of high-speed frames. In the first frame, a pointer indicates the geometric focus F2 of the lithotripter and the direction of pulse propagation along the lithotripter axis. The remaining frames show the result of the last lithotripter pulse in a sequence of ten lithotripter pulses triggered at 1 Hz and 24 kV. Static pressure p 0 was 1 bar. At 222 s ͑42 s after the shock wave arrived at the focus͒ a cluster of bubbles was starting to grow along the shock wave axis. The bubbles grew in size, and the cluster reached dimensions of 1.5 cm in diameter by greater than 8 cm in length ͑frames at 444 and 519 s͒. The cluster then collapsed to a narrow line of bubbles ͑frame at 741 s͒ after more than 500 s. The last two frames showed ''rebound'' or secondary growth and collapse of the cluster. 35 
Overpressure
Overpressure dramatically suppressed bubbles as seen in Fig. 8 . Both images show the pressure bottle 33 positioned in the lithotripter field. In the top frame, pressure in the bottle and in the surrounding water was 1 bar, and the field was very similar to that in Fig. 7 without the bottle. In the bottom frame, static pressure in the bottle had been increased to 4 bar, and no bubbles were seen in the bottle.
Acoustic emissions from the bubbles were observed to correlate with collapses of the bubble cluster. Figure 9 shows video images of the cluster and simultaneous PCD measurements recorded in the pressure cube. At p 0 ϭ1 bar, a large dense cluster grows and collapses in t C Ϸ350 s. A strong spike was recorded by the PCD at 180 s when bubbles were first seen in the images and again Ϸ350 s later when the bubbles collapsed. Timing agreement was excellent. At p 0 ϭ1.5 bar, very sparse and short-lived bubbles appeared. Very little signal was detected by the PCD, likely because few bubbles existed at the PCD focus. When a two-spike signal was detected, t C was less than 200 s. This reduction in t C with overpressure was in good agreement with calculations and measurements reported by Cleveland et al. 22 and our calculations in Fig. 1 . An increase in static pressure of only 0.5 bar significantly reduced the number of bubbles seen, the measured collapse times t C of the bubbles, and the signal detected by PCD.
An ultrasound scanner and a pressurized pipette bulb were used to investigate the reduction in bubble density by overpressure. The scanner imaged from the top of the bulb and the lithotripter pulse propagated from the right in the inset images in Fig. 10 . 22 Pipette bulbs were filled with nondegassed water, and single lithotripter pulses ͑18 kV͒ were fired. The ultrasound scanner was too slow to detect the t C , but it displayed bright echoes likely from residual bubbles, 22, 38, 39 which were too small to be seen in the highspeed camera images after bubble collapse. The inset in Fig.  10 shows ultrasound images at p 0 ϭ1 bar ͑left͒ and p 0 ϭ2 bar ͑right͒, 1 s after pulse arrival. The echogenic cloud that filled the pipette at atmospheric pressure (p 0 ϭ1 bar) was subsequently seen to dissipate by tϭ60 s. At p 0 ϭ2 bar, no bright echoes were detected in ultrasound images of the pipette. This result indicates that overpressure either suppressed bubble growth altogether, or the lifetime of the bubbles was too short to be recorded. Figure 10 shows a plot of bubble lifetime versus p 0 . Figure 10 compares the calculated lifetime t L * for selected shock wave amplitudes ͑solid lines͒ with the measured lifetime t L of hyperecho in the pipette ͑diamonds͒. An initial radius of R 0 ϭ3 m was used in the calculations, but recall that the calculations were not very sensitive to initial bubble size. Peak pressures of the pulses were p ϩ ϭ384Ϯ62 bar and p Ϫ ϭ100Ϯ14 bar ͑meanϮstandard error for Nϭ10 measurements͒ 32 but could not be recorded simultaneously with the measurement. Curves were calculated for three values of p ϩ to cover the range of p ϩ produced by interspark variation. Lifetime t L measured on B-mode ultrasound image was the time between the interference caused by spark discharge and hyperecho dissipation and was quantified on digitized video frames as described in Sec. III A. Both measured t L and calculated t L * decay quickly with increasing static pressure and are in excellent qualitative agreement with each other. The dissolution time in the experiment was slightly less than in the calculations for large overpressure.
Pulse repetition frequency
High-speed camera images were collected for p 0 ϭ1, 1.5, and 2 bar, and PRFϭ0.5, 1, 2, and 3 Hz. Figure 11 shows the images recorded at one half of the time for the second collapse t C /2. Charging potential was 18 kV. At zero overpressure (p 0 ϭ1 bar), all four rates produced a dense cluster of bubbles in water. By visual inspection, cluster density appeared to increase with increased PRF. At 0.5 bar overpressure (p 0 ϭ1.5 bar), bubbles were sparse at PRF ϭ0.5 and 1 Hz, but dense at 2 and 3 Hz. At overpressures of 1 bar and above, the field was sparse for all the tested PRFs. This result indicates that bubble lifetime was greater than 2 s at atmospheric pressure, was in the range of 0.5-1.0 s at 1.5 bar, and was less than 0.33 s at 2 bar. These values agree well with the measured values in Fig. 10 and are slightly lower than the calculated values. The similarity indicates that the ultrasound is able to detect bubbles that cause cavitation seen with the camera, and that p 0 and PRF can be used together to suppress cavitation.
The denser clouds at higher PRF had smaller bubbles and longer t C . In Fig. 12 , a cavitation cluster created at 2 Hz ͑top͒ is compared to that created at 3 Hz ͑bottom͒. Maximum on-axis bubble diameter was 1.8Ϯ0.2 mm at 1 Hz, 1.5 Ϯ0.3 mm at 2 Hz, and 0.8Ϯ0.2 mm at 3 Hz. The largest bubble was selected from six image sequences at each frequency. The t C was 225Ϯ35 s at 1 Hz, 336Ϯ45 s at 2 Hz, and 430Ϯ40 s at 3 Hz ͑six samples each͒. Measurement of t C was by PCD signal recorded simultaneously with camera imaging. Collapse times determined from camera images agreed to within the interframe resolution of 50 s.
Stabilized bubbles
The appearance of a few bubbles following a single lithotripter pulse or at p 0 ϭ2 bar and possible differences between liquids warrant investigation of stabilizing effects. Apfel, 21 Atchley and Prosperetti, 40 and Crum 41 among others have developed a ''crack and crevice model'' for how bubbles trapped within solid particles are stabilized against overpressure, surface tension, and dissolution. Bubble stabilization particularly that by cracks in a solid is pertinent to why overpressure suppresses damage to suspended cells but has little effect on kidney stone comminution. 17, 22, 23, 42 Stabilization of bubbles by cracks was investigated with a glass microscope slide before and after it cracked. The PETE bottle pressure chamber 33 was used, and the slide fit across the diameter of the bottle as shown in Fig. 13 . The transparency of the glass enabled back lighting and visualization of the cluster of bubbles on both sides of the slide. Figure 13 shows camera images of the cluster produced at p 0 ϭ1 bar ͑top͒ and at p 0 ϭ4 bar ͑bottom͒ before ͑left͒ and after ͑right͒ a crack formed in the glass slide. Charging potential was 18 kV, and PRF was 1 Hz. At p 0 ϭ1 bar, a dense cluster of bubbles was seen in both cases. The cluster was slightly bulbous at the interface with the glass. The crack can be seen in the center of the bulge. At p 0 ϭ4 bar, no bubbles were seen on the crack-free glass ͑left͒ or in the free-field surrounding the cracked glass. But at the crack, bubbles can be seen. These data indicate that overpressure suppressed cavitation in the free field but not at the crack in this solid object. It is important to note that the crack shown in this image was caused by shock wave treatment while the slide was immersed in the water within the lithotripter tub. Thus, the crack could not have been filled a priori with gas. It appears, therefore, that the crack may have served to attract, then stabilize cavitation nuclei. FIG. 11 . High speed images of the peak bubble cloud as a function of overpressure and pulse repetition frequency ͑PRF͒. At p 0 ϭ1 bar ͑top͒, bubbles did not dissolve between pulses and a dense bubble cluster is apparent for all the PRFs getting more dense with increasing PRF. At p 0 ϭ2 bar ͑bottom͒, bubbles did dissolve between pulses and a sparse bubble cluster is apparent for all the clinical PRFs. At p 0 ϭ1.5 bar ͑center͒, 2 and 3 Hz were fast enough rates to create a dense cluster, but 0.5 and 1 Hz were too slow. Hence, the lifetime t L at p 0 ϭ1.5 bar was greater than (1 Hz) Ϫ1 ϭ1 s but less than (2 Hz) Ϫ1 ϭ0.5 s. These images show that increased static pressure and PRF can be used together to suppress cavitation. 
IV. CONCLUSIONS
It is now well established that a typical clinical exposure of 2000 lithotripter pulses causes collateral damage, primarily vascular trauma, to the kidney. 2 The precise physical acoustic mechanisms responsible for this injury have yet to be determined, but there is good evidence to suggest that cavitation is involved. During SWL, cavitation has been detected in vivo by ultrasonography 38 and single transducer PCD. 7 In recent studies simultaneous dual-PCD and B-mode ultrasound followed by dual-source high intensity focused ultrasound to mark the interrogation site, were used to definitively localize cavitation bubble activity to the renal parenchyma. 43 It has also been shown that renal injury in pigs is dramatically reduced when shock waves are administered using a pressure-release insert that suppresses cavitation. 10 Taken together, these data strongly support the idea that lithotripter shock waves produce cavitation in vivo, and that bubble activity plays a role in tissue damage.
Cavitation is also strongly implicated as a mechanism involved in stone fragmentation in SWL. In vitro studies have shown that damage to stones is dramatically reduced when the stones are treated while immersed in viscous media 5 or when shock waves are administered at overpressure sufficient to eliminate cavitation. 41 If, as such studies suggest, cavitation contributes both to stone fragmentation and to tissue damage, strategies to control bubble activity could be very useful, especially if it were possible to find conditions that inhibit kidney trauma without interfering with stone comminution. Our observations help to explain how overpressure and PRF influence cavitation. We show that cavitation is dramatically affected by the presence of nuclei from previous shock waves, and that increased overpressure and reduced PRF allow those cavitation bubbles that are not stabilized by interactions with solid surfaces to dissolve between pulses.
Numerically, the time history of a bubble subjected to a lithotripter pulse was modeled from a synthesis of models by Church 24 and by Epstein and Plesset. 26 Rapid growth and collapse of the bubble was calculated with a numerical solution 24 of the Gilmore equation. 25 In this time of rapid motion of the air-water interface gas diffusion was approximated by Eller and Flynn's model 30 in which the thickness of the diffusion layer of the gas in the fluid is very small. At longer time, the thickness of the diffusion layer of gas could not be neglected, but the bubble radial velocity could. Then the equation by Epstein and Plesset 26 was used. The calculated lifetime t L * of a bubble was found to be fairly insensitive to initial bubble radius R 0 in the range 1-10 m, because gas influx was much greater than initial gas constant of the bubble. Lifetime t L * was sensitive to static pressure p 0 and the peak acoustic driving pressure p ϩ , because in our wave form increased p ϩ meant increased peak negative pressure p Ϫ . Other factors are gas concentration in solution f and the diffusion coefficient D that depends on temperature and type of gas and liquid. These factors vary among in vitro and in vivo samples, and the effect of tissue constraint on our model has been described by Zhong et al. 9 Calculated bubble lifetime t L * and the duration of the growth and collapse cycle t C * are shortened by increasing static pressure p 0 .
Lifetimes t L for bubbles created by lithotripter pulses were measured by B-mode ultrasound and by high-speed camera. Lithotripter pulses created hyperechogenic regions in water within pipette bulbs. The disappearance of the hyperechogenic region was measured versus p 0 and compared very well to the calculated t L * . The lifetime of hyperechogenic regions at p 0 ϭ1 bar has previously been shown to be comparable in vivo and in vitro; 38, 43 although in some in vivo locations, hyperecho is washed out of the region of interest by blood perfusion before bubbles dissolve. 33 Highspeed camera images indicated that a dense cavitation cluster appeared when the time between shock waves ͑1/PRF͒ was less than the bubble lifetime (t L ). Measured t L and calculated t L * were found to agree very well and both showed a sharp decay with increased static pressure p 0 . However, measured lifetimes were reduced more strongly by overpressure than was predicted by calculated t L * . Our model assumed symmetric pulsation of a single bubble and did not account for bubble fragmentation. Thus the presence of a cluster of small bubbles was neglected. The equilibrium bubble radius may have been smaller because of asymmetry in collapse and splintering of one bubble into many daughter bubbles. Measurements with B-mode ultrasound showed that the hyperechoic region was brighter, larger, and denser with subsequent lithotripter pulses and with increasing PRF. Larger bubbles are more likely to collapse nonspherically FIG. 13 . Images ͑3.8 cm per side͒ of the bubble cluster produced at p 0 ϭ1 bar ͑top͒ and at p 0 ϭ4 bar ͑bottom͒ before ͑left͒ and after ͑right͒ a crack formed in the glass slide. At 4 bar the cavitation was suppressed in the free-field but was persistent at the crack. Charging potential was 18 kV, and PRF was 1 Hz. and break into smaller bubbles, which then grow. An increase in the number of bubbles after each shock wave would contribute to the brighter, larger, denser cluster. The very presence of several other bubbles may reduce both the gas diffusion into each bubble, as several bubbles compete for the gas dissolved in the fluid, and the pressure and inertia driving the growth and collapse of each bubble, as the cluster itself changes the compressibility of the fluid bubble mixture. Our measurements with the high-speed camera indicated that clusters were denser, bubbles were smaller, and collapse times longer at higher PRF. The measurements suggest that reduction of gas diffusion into each bubble, reduction of fluid outward motion, and reduction of pressure driving bubble collapse were the dominant effects of increased cluster density.
High-speed camera images showed that bubbles in the free field were considerably more sensitive to overpressure than those that formed along a crack in the glass slide used as a target. Thus, our observations support the concept 21, 40, 41 that bubbles appear to be stabilized by contact with cracks and crevices. Such stabilization of bubbles could explain why modest overpressure reduces damage to cells in suspension, but minimally suppresses stone fragmentation. 17 Our observations imply that control of PRF and overpressure could be used to improve SWL in the clinical setting. In conventional lithotripsy treatment, low PRF may be used to allow bubble dissolution between pulses and thus to suppress cavitation in vivo. However, the duration of a lithotripsy procedure is limited by the rate of lithotripter pulse delivery. A treatment of 2000 pulses at 1 Hz requires over 30 min. Modest overpressure ͑1-3 bar͒ accelerates the dissolution of unstabilized bubbles such as those that can develop in the vasculature. Thus, it should be possible to use faster treatment rates without an increase in tissue damage. Since irregularities and cracks in the surface of kidney stones have the potential to stabilize bubbles against overpressure, it seems feasible that application of modest overpressure could reduce cavitation-mediated damage to tissue without interfering with the role that bubble activity plays in stone comminution.
